We use an elastic-halfspace boundary element model to simulate the immediate static response of the crust to earthquakes. The earthquakes are represented by cuts extending from the ground surface to 12.5 km depth using the parameters in Table 1 ; stress is sampled half way down the fault. To assess the long-term static response after the lower crust has fully relaxed, ~30-100 years after the earthquake, we use an elastic planestress boundary element model, in which the seismogenic zone is treated as a 12.5-km-thick plate (4) .
To gauge the change in proximity to failure of faults in the earth's crust, we calculate the change in the Coulomb failure stress, [ in (5) ], acting on vertical planes in the crust. Here:
where is the static shear stress change (positive in the direction of the regional ) and is the normal stress change (positive tensile), is the static coefficient of friction, and is the pore pressure change. For
Fig. 1.
Example calculations of the maximum Coulomb failure stress change along optimally oriented right-lateral (black) and left-lateral (white) planes, as a function of the regional stress direction. The regional stress magnitude is 100 bars uniaxial compression. The example fault is 70 km long and 12.5 km deep with 5 m of tapered slip and a stress drop of 85 bars. The coefficient of friction ( =0.4) controls the angle between the right and left lateral planes and the influence of the normal stress on the Coulomb stress. Near the fault, the optimal planes are rotated because the failure stress change is nearly as large as the regional stress.
(Click on the diagram to display a large image -23kb) plausible fault zone rheologies (1) may reduce to , where and B is Skempton's coefficient, which can range between 0-1 (6) . Thus acts to cancel , and low may be the product of laboratory values of (0.75) and high pore fluid pressure (B tends to 1). Coulomb failure stress changes were calculated for the 1979 Homestead Valley (7) , 1984 Morgan Hill (8) , 1987 Superstition Hills (9) and 1989 Loma Prieta (5, 10) earthquakes, with deduced values of 0.2 < < 0.75. We examined = 0.0, 0.4, and 0.75, but since our conclusions change only in detail by used, the figures illustrate =0.4.
The maximum Coulomb failure stress changes occur on planes optimally aligned for failure. The earthquake stress changes plus the regional stress control the orientation of the optimum failure planes. Because the regional stress driving plate motion is larger than the stress changes caused by fault slip, the regional stress dominates the orientation of the failure planes, except very close to the fault (8) . Examples of such planes are shown in Fig. 1 for two regional stress directions, with a uniaxial compression of 100 bars chosen to be larger than typical earthquake stress drops. In the calculations that follow, we assign a regional principal compressive stress of 100 bars oriented N7°E, intermediate between the examples of Fig. 1 . N7°E is the orientation of principal strain contraction measured during 1934-1991 across the Landers and southern San Andreas faults (11) . It is also the orientation derived from stress inversion of small shocks along the nearest 50-150 km of the San Andreas fault (12) .
The direction is consistent with the shear strain direction predicted by the Pacific-North American plate motion in central California (13) , but is discordant with the stress orientation measured in the Cajon Pass well close to the San Andreas fault, 100 km west of the Landers earthquake (14) . Our results are valid unless the spatial variability of the true stress field is very high.
The change in Coulomb failure stress caused by the 1975 Galway Lake, 1979 Homestead Valley, 1986 North Palm Springs and 1992 Joshua Tree earthquakes is shown in Fig. 2A (15) . Our calculations show that the shocks caused a ~1 bar increase in the proximity to failure of the Landers fault at the future epicenter. Equally important, the failure stress along most of the future 70km-long Landers rupture rose about 1 bar [for comparison, the Landers earthquake stress drop was ~85 bars (16) ]. Thus, although we do not know whether the smaller earthquakes are themselves part of a larger process of earthquake preparation, they raised the stress along the future Landers rupture zone, advancing the occurrence of the Landers earthquake. The failure stress resolved on the Landers rupture plane is greatest when is high, but is still favorable for low . All four shocks increased the failure stress at Landers, with the Homestead and Joshua earthquakes contributing the most. It was pointed out in 1983 (7) that most aftershocks of the 1979 Homestead Valley earthquake occurred in regions where the Coulomb failure stress was predicted to have increased by >0.3 bar. In addition, geodetic http://ncweb-menlo.wr.usgs.gov/research/deformation/modeling/papers/landers_science.html The Landers rupture is divided into 11 slip segments from preliminary fault mapping (32) and seismic analyses (31) . From north to south, assigned Landers slip segments are: 1.0, 2.0, 3.0, 4.0, 6.0, 8.0, 5.0, 3.5, 5.0, 3.5, and 0. 25 data suggested that at the site of the future Landers epicenter the fault crept about 10 cm during the 2 years following the Homestead earthquake (7) . Thus some parts of the Landers fault were apparently near failure 12 years ago; two months before the Landers rupture, the Joshua Tree earthquake further increased the stress.
The same process of stress transfer can be observed with the apparent triggering of the Big Bear earthquake 3 hr 26 min after the Landers shock. The Landers rupture is predicted to have increased the proximity to failure at the Big Bear epicenter by 3 bars (Fig. 2B) . The stress change at Big bear increases for high . The rupture plane of the Big Bear shock is optimally aligned for failure, lies in the largest lobe of enhanced Coulomb failure stress resulting from the Landers event, and terminates where the failure stress change becomes negative. Aftershocks during 25 days after the main shock occur in regions where the failure stress increased by > 0.1 bar (Fig. 3 ). Even when earthquakes within 5 km of the Landers, Big Bear and Joshua Tree faults are excluded, more than 75% of the remaining aftershocks occur where the stress is predicted to have increased by > 0.5 bar. In contrast, less than 25% violate our prediction and occur where the stress dropped by > 0.5 bar. Faults predicted to have been loaded by the Landers rupture include the San Jacinto, Camp Rock, Lenwood, Blackwater, Pisgah and eastern Garlock faults, all of which show Landers aftershocks. An exception occurs near Indio, where the San Andreas has been loaded both by the Landers earthquake and, to a lesser extent, by the Imperial Valley, Elmore Ranch and Superstition Hills events (17) , but few aftershocks are seen (18) .
San Andreas segment boundaries inferred by (19) accord roughly to sign changes in the failure stress change imposed by the Landers event. In Fig. 4A the failure stress change is resolved on the San Andreas fault, rather than on the azimuth of maximum stress change as shown in Figs. 1-3 . The calculation for Fig. 4 is independent of the magnitude, uniformity, and orientation of the regional stress, and depends only on fault geometry. The failure stress change is positive in the central Coachella Valley segment, negative at the segment boundary north of Palm Springs, and is greatest in the San Bernardino Mountain segment (site of a M L =4.4 aftershock 37 min before the Big Bear shock). All of the Mojave segment is negative (Fig. 4A) . The stress change on the northern San Jacinto fault SE of San Bernardino, which is more favorably oriented than the San Andreas, is 1 bar. The predicted stress change resolved on the San Andreas fault increases with , since tension normal to the fault is enhanced.
The correspondence between seismicity and the Coulomb failure stress changes produced by the Landers and earlier events suggests that regions of predicted increase are candidates for future major events. To predict how the Landers earthquakes have advanced or delayed the next great southern San Andreas earthquake, we let a frictionless San Andreas slip freely to relieve the stress imposed by the Landers and surrounding earthquakes (Fig. 4B) . The immediate response is slip of 20 cm over 30 km of the central San Bernardino segment (equivalent to a M=6.2 event if it occurred seismically), and 7 cm in the northern Coachella Valley segment (equivalent to M=5.7). Thus San Andreas fault slip with a moment equivalent to two moderate events are needed simply to relieve the stresses added by the recent earthquakes. In contrast, a load comparable to a M=6.2 event is removed from the Mojave segment, and a M=6.0 load is removed north of Palm Springs (20) , taking these portions of the fault farther from failure. After relaxation of the viscous substrate in our idealized plate model, the stress change on the San Andreas and surrounding faults roughly doubles (Fig. 4A , orange curve), as stress is transferred from the base of the fault back to the upper crust. Similarly, the slip required to relieve the stresses also rises (Fig. 4B, orange fields) . The calculated slip does not depend on the number of segments allowed to slip at once. So far no creep has been measured (21) and no moderate earthquakes have occurred on these faults since the Landers event. If these events do not take place, the likelihood of great earthquakes on the San Andreas must rise as well.
Because the southern San Andreas fault is likely late in the earthquake cycle, the long-term probability of a great earthquake on any of its three southern segments was high before the Landers earthquake took place (19) . The San Bernardino Mountain segment last ruptured in 1812 (22) ; given its 24 ± 3 mm/yr slip rate (23), a > 4.3-m slip deficit has since accumulated, which could yield a M > 7.5 event. The Coachella Valley segment last ruptured in 1680, has a slip rate of 25-30 mm/yr, and thus has accumulated a > 6 m deficit (M > 7.5). Its prehistoric repeat time is > 235 yrs (24) . The Mojave segment last ruptured in 1857, has a slip rate of ~35 mm/yr (23) , and thus has accumulated a 4.7 m deficit (M > 7.7); its repeat time is ~130 years (22) . The San Bernardino Valley segment of the San Jacinto fault may have last ruptured in 1890; it has a slip rate of 8±3 mm/yr (19) , and thus has a slip deficit of > 0.8 m (M > 6.8). (Click on the diagram to display a large image -18kb)
We estimate the advance and delay times of great earthquakes on the San Andreas by dividing the slip required to relieve the applied stress (Fig. 4B ) by the local San Andreas or San Jacinto slip rates. The calculation is independent of the great earthquake repeat times or stress drops, for which there is considerable uncertainty. Our estimate is bounded by the difference between the slip predicted for immediate and long-term periods. We find that the next great San Andreas earthquake along the San Bernardino Mountain segment will strike 8-22 years sooner than it would have in the absence of the Landers shock. Similarly, the next great San Andreas earthquake along the Coachella Valley segment is advanced by 2-14 years, and the next large earthquake on the San Bernardino Valley segment of the San Jacinto fault is advanced 8-56 years. In contrast, we estimate a delay in the next great Mojave shock by 2-10 years. An earthquake of M > 6 on the Mojave segment during the next 2 years would thus falsify our hypothesis.
